Polyimide-silica hybrid materials were prepared via a modified sol-gel and high pressure-thermal polymerization procedure. The precursor monomer salt was derived from 2,5-diethoxycarboxyl terephthalic acid (p-PME) and 1,9-diaminononane. Aqueous solutions of tetramethoxysilane (TMOS) and monomer salt were transformed into a gels with subsequent dehydration forming powders which were then subjected to high pressure thermal polymerization. By varying the ratio of TMOS to monomer salt, hybrids containing Si02 contents of 0 to 100 wt% could be made. The thermal and physical behaviors of hybrids are discussed.
Introduction
Molecular hybrids formed by the sol-gel reaction between organic polymers and silica gel are expected to allow for the fabrication of composite systems exhibiting unique thermal, electrical, and physical properties that are intermediate to the plastics and glasses. A major advantage to the preparation of composites via a sol-gel method is the possibility of preparing, homogeneous, monolithic bodies that contain both an organic polymer and an inorganic glass. The use of the solgel system and its correspondingly low processing temperatures will allow for unique and uniform microstructures of polymers incorporated into an inorganic matrix. Various polymers have been fabricated in conjunction with inorganics, such as Si02 and 1102, via a variety of sol-gel methodsl'6. A significant feature in these hybrids is the formation of covalent bonds that eliminate macroscopic boundaries that normally exist between components of composites fabricated in a more traditional fashion. The sol-gel approach uses the strengths of both the materials, such as the high temperature stability and modulus of the ceramic phase, to overcome some of the shortcomings of the other, such as the polymer improving the toughness of the brittle inorganic.
Typically in the sol-gel process, a mixture of the metal alkoxide and the polymer or monomer in solution is then reacted and polymerized to form the hybrid materialsg. In this report, we present the preparation of the polyimide-silica hybrid materials via a precursor monomer salt via a modified high pressure sol-gel reaction of a metal alkoxide (Tetramethoxy silane, TMOS) (eql,2). Beginning nearly 30 years ago, with Morgan and Scott's seminal work, high pressure synthesis of polymers I Photopolym. Sci. Technol., Vol. 8, No.2,1995 has been extensively researched942. Our current investigation takes this material production process one step further by the introduction of an inorganic phase into the reaction scheme.
During this process the monomer salt undergoes a solid state polycondensation reaction with the evolution and elimination of water and ethanol13 and the silaceous component is transformed from a hydroxide to a glass (eq 2). By varying the ratio of monomer salt and TMOS in the precursor solution, the compositions of the hybrids could be controlled and hybrids containing Si02 contents ranging from 0 to 100 wt% could be made. The thermal, physical, chemical and morphological properties of these composites were determined via thermal analysis (TGA, DTA, and DSC) and micro-hardness measurements. The extent of the the sol-gel reaction was determined by FTIR measurements and scanning electron micrographs of selected compositions were used to establish structure-property relationships. Results of these analyses are reported below.
Methods
Materials -Pyromellitic acid dianhydride (PMDA) was purified by sublimation.
1,9-Diaminononane was purified by distillation under reduced pressure over potassium hydroxide. All solvents were purified by distillation prior to use.
Preparation of the Monomer Salt -To begin, the pyromellitic diethylester diacid (PME) used for the preparation of the monomer salt was synthesized. A mixture of PMDA (21.81 g, 0.1 mol) in ethanol (500 mL) was heated to 80°C for 15 h , affording the PME solution. After the evaporation of the ethanol, the residue was suspended in ethyl acetate (500 mL). The resulting suspension was filtered and the filtrate was dried under vacuum. This procedure yielded an ethyl acetate soluble material corresponding mainly to 2,4-diethoxycarboxyl isophthalic acid (m-PME) and an insoluble material corresponding mainly to 2,5-diethoxycarboxyl terephthalic acid @-P?ifE)14. In this study, we used only the p-PME portion for the preparation of the monomer salt. The p-PME was purified with a yield of 14.5 g (46.7 %) by recrystallization from butyl acetate.
The p-PME (12.41 g, 40 mmol) was then dissolved in ethanol (300 mL) under a nitrogen atmosphere. To this solution was added a 1,9-diaminononane (6.33 g, 40 mmol) with stirring at 60°C. After cooling the solution to 0°C, a precipitate formed and was collected by filtration and dried under vacuum at room temperature for one day. The yield of the monomer salt was 17.8 g (95.0 %). High Pressure-Thermal Polymerization of the Polyimide -According to a procedure described previously, the monomer salt (0.5 g) was placed into a Teflon capsule and loaded into the metal cylinder of the high pressure polymerization apparatus15. The piston-cylinder setup was then set in a furnace and pressure was applied at room temperature. The temperature was then raised and high pressure-thermal polymerization was then carried out at 230°C under 235 MPa for 5 h. After the polymerization, the apparatus was allowed to cool to room temperature, followed by the release of the pressure to 1 atm. The polymer, in the form of a flat cylindrical pellet, formed within the capsule. The pellet was then dried under vacuum at 80 °C for 1 day for the complete removal of the water and ethanol evolved during the polycondensation reaction.
Preparation of Polyimide-Silica
Hybrid Materials under High Pressure -The preparation of the precursor powder of the PI-Si02 hybrid materials used for the high pressure synthesis was carried out as shown in Table 1 .
To a solution of the monomer salt (1.0 g) in water (25 mL) was added the appropriate amount of TMOS. The solution was then stirred at room temperature for 1 hour. After evaporation of the water, the residue was dried under vacuum at room temperature for 1 day, affording the white precursor powder.
From this powder, the hybrids were prepared. The powder was placed directly into the cylinder using Teflon disks of slightly smaller diameter than the cylinder above and below it, because it was determined early in the investigation that the reaction elimination products, H2O and ethanol, which were entrained by the capsule during the polymerization condensation reaction, prevented the sol-gel reaction from proceeding to a high degree of completion. The same polymerization cycle as the pure polyimide was used (235 MPa, 230°C, 5 h). Measurements -IR spectra were recorded on a Shimadzu FTIR-8100 spectrophotometer.
Differential thermal analysis (DTA), differential scanning calorimetry (DSC), and thermogravimetry analysis (TGA) were performed with Shimadzu thermal analyzers DTA-40, DSC-41, and TGA-40, respectively. Densities were determined pycnometrically at 30°C using n-heptane, tetrachloro methane and 1,2-dibromoethane as the solvents. Vickers hardness was measured by using a Matsuzawaseiki MHT2 (50 g,15 sec). SEM photographs were taken with a Nippondenshi T-220.
3.Results and Discussion
The Monomer Salt -The IR spectrum of the monomer salt is shown in Figure 1(curve A) .This spectrum shows the characteristic bands due to ammonium ion at 2127 and 1632 cm'1, carboxylate ion at 1564 cm'1 and the carboxylic absorption at 1730 cm`1 indicating the formation of the monomer salt. The Polyimide -The IR spectrum of the polyimide is shown in Figure 1(curve B) . The polymer exhibited characteristic absorption bands due to the imide ring at 1772, 1711, 1394, and 727 cm4, while the absorption bands due to the monomer salt disappeared, confirming the formation of the polyimide.
The thermal behavior of the polymer was evaluated by means of DSC and TGA. The polymer had a melting temperature of 310°C but no glass transition temperature, and began to decompose at about 350°C using a heating rate of 10°C min'1 in air. An indication of the molecular weight of the polymer was given by viscometric measurement. The inherent viscosity of the polymer was 1.30 dL g'1, measured at a concentration of 0.5 g dL-1 in concentrated sulfuric acid at 30°C.
Polyimide-silica
Hybrid materials -Firstly, the actual silica contents of the hybrids were measured by TGA using a heating rate of 10°C min.-1 in an atmosphere of air. The polyimide began to decompose at about 350°C and was completely oxidized by 700°C, while the silica was stable up to the maximum analysis temperature of 800°C. As shown in Table 2 , the actual Si02 contents were in almost exact agreement with the theoretically calculated contents. The lack of any additional weight loss steps in the TGA traces, apart from the one attributed to the oxidation of the polyimide, is seen as an indication of nearly 100% completion of both the silica reaction and the polymerization of the monomer salt by the high-pressure treatment. The decomposition temperatures of the polymer in the PI-Si02 hybrids did not vary significantly with the Si02 content. However, as shown by the FTIR trace of the hybrid materials in Figure 1 Then, under high pressure polymerization conditions the hydroxides come into intimate contact with one another and due to the presence of polymerization reaction products of the organic condensation reaction, the formation of new bonds and the polymerization of the Si network proceeded. The dependence of the density of the hybrids on the Si02 contents is shown in Figure 3 . Within the limits of 1.3 g/cm3 for polyimide and 2.2 g/cm3 for silica glass, as expected for an ideal multicomponent system, the density linearly increased with increasing silica content, and reached a maximum of 1.87 Wcm3 at 90 wt%. However, the behavior deviated form the rule of mixtures for the 100 wt% silica material, where the density was only 1.55 g/cm3. The composites containing the polyimide become more dense due to the polyimide filling in the pores that exist between the silica domains. As the silica content increases, these dense domains become more numerous and the density of the compact also increase. However, while the densities of the composites follow the expected arithmetic behavior of a two phase system, the density values are slightly less than what would be expected from theory, indicating that all compacts contain air filled voids. In addition, when the 100 wt% silica compact is made, there is a dramatic drop in the density of the material.
This result suggests that the high-pressure formation of the 100% sol-gel derived glass did not allow for full densification of the compact to occur. This could be attributed to the lack of Po1Yimide to act as a lubricant to allow for compaction of the silica domains or to fill in the pores, and a more porous compact is formed containing large air filled pores between the hard Si02 network. It could also indicate that a more even distribution of pressure is transferred through the compact during the polymerization reaction of inorganic-organic materials due to the presence of the polyimide allowing for a more dense hybrid to form. Evidence for the establishment of an interconnected silica phase, can also be seen in the Vickers hardness data (Figure 4) , where the hardness of the hybrids, an indicator of the silica phase monolithicity, increases as the Si02 content increases. Similar to the hardness data of Wei, however, the change in hardness of the PI-Si02 hybrids consists of two stagesg. Below 50 wt%, the hardness values are similar to the polyimide matrix and increase only slightly with the silica content. Whereas, above 50 wt%, the silica network imparts hardness to the hybrids and the hardness increases rapidly and linearly with increasing inorganic content. This two stage pattern can be seen as an indication of the silica domains increasingly contacting other silica domains and fusing together forming a network structure. Below 50 wt%, the silica domains are physically separated by the majority polyimide phase, so they act independently, and are merely pressed into the polymer matrix, affording no net increase in hardness over the scale of the microindenter. However, above 50 wt% the silica, becomes the continuous matrix and the domains exhibit extensive connectivity and cannot be deformed easily into the polyimide matrix without first breaking strong silica bonds.
Hence, the relationship of hardness to silica content must be viewed as a soft polyimide continuous phase dominated regime and a continuous silica phase dominated one at higher Si02 contents.
Additionally, SEM photographs of the hybrids were taken. These showed microphase separation of the polyimide and silica. The size of the silica domains were in the range of 100 nm. These domains were roughly spherical and evenly dispersed throughout the hybrid. Moreover, the SEM photographs showed that the pores of the silica phase are filled by the polyimide. Also, with heat treatment to 800°C, the samples having over 50 wt% silica formed monolithic porous silica, where the samples of lesser silica content formed powders. Undre SEM examination, it was evident that all samples formed intimately mixed nanophase domains of silica and polyimide. wt7o ~lilca 
4.Conclusion
We have prepared novel organic-inorganic hybrid materials incorporating polyimide and a silica phase via a modified sol-gel process and high pressure polymerization. Precursor monomer salts were made via a condensation reaction of 1-9 diaminononane and PMDA, which were then mixed with TMOS in an aqueous solution.
After some time, the solvent was removed and the resulting powder was then formed by high pressure polymerization into a hybrid material. Depending on the amount of TMOS used, the Si02 contents of the materials could be changed from 0-100 wt% using our experimental conditions. These materials were characterized using TGA, DSC, FTIR and SEM.
The bulk properties of the hybrids, including density and hardness, were found to vary with the content of Si02 and were between the values of the pure Si02 and the pure polyimide. Thus, it was found that these properties could be manipulated by changing the composition of the polymer and Si02 components. The high pressure polymerization process used was found to concurrently complete the polymerization reactions of the both the inorganic and the organic phase resulting in fully reacted hybrid materials.
